We report the observation of a current-phase relation dominated by the second Josephson harmonic in superconductor-ferromagnet-superconductor junctions. The exotic current-phase relation is realized in the vicinity of a temperature-controlled 0-to-π junction transition, at which the first Josephson harmonic vanishes. Direct current-phase relation measurements, as well as Josephson interferometry, non-vanishing supercurrent and half-integer Shapiro steps at the 0-π transition selfconsistently point to an intrinsic second harmonic term, making it possible to rule out common alternative origins of half-periodic behavior. While surprising for diffusive multimode junctions, the large second harmonic is in agreement with theory predictions for thin ferromagnetic interlayers.
The sinusoidal dependence of supercurrent on the phase difference across the junction φ was originally derived for superconductor-insulator-superconductor junctions, but has for a long time been used to describe most of the experimentally realized junctions [1] . Advances in materials science and nanofabrication have lead to the observation of a large variety of current-phase relations (CPRs) [2] . For example, π-junctions may still have a sinusoidal CPR but with a phase shift of π [3] [4] [5] [6] . φ 0 -junctions violate time-reversal symmetry with a phase shift φ 0 other than 0 or π in the CPR, meaning that their current-phase relations have no phase-inversion symmetry [7, 8] . Narrow and/or ballistic weak links with nonsinusoidal current-phase relations, i.e. containing higher sine components, have been reported based on a variety of materials [9] [10] [11] [12] [13] . Finally, fractional current-phase relations such as sin(φ/2) are being searched for in topological superconductor junctions [14] [15] [16] . These developments motivate new studies of exotic CPR. This paper is focused on a junction with a rare second harmonic current-phase relation dominated by the sin(2φ) contribution. In contrast with previous studies of higher Josephson components, the junction barrier is a diffusive metal with a macroscopic number of modes. The second harmonic CPR is realized in the vicinity of a temperature-controlled 0-π transition of a superconductor-ferromagnet-superconductor (SFS) junction. At the transition temperature T π the amplitude of the first order sin(φ) term goes through zero in order to change sign. If a significant higher-order term is present it can become the leading one [17] . Earlier studies of the 0-π transition in various junctions have suggested a second-order CPR [5, 18, 19] , however those experiments could not rule out alternative explanations for π-periodic behavior such as due to more than one junction in the loop, disorder in the junction or driven phase dynamics [20] . Here we perform four distinct measurements on a single SFS junction, all four indicating a dominant and intrinsic second-order Josephson effect. First, a direct measurement of the current-phase relation is performed by embedding a single SFS junction into a superconductarXiv:1805.12546v2 [cond-mat.mes-hall] 7 Jun 2018 ing loop. In this measurement a second harmonic manifests as doubling of the superconducting loop response modulation near the 0-π transition. Subsequently, the loop is cut and Josephson interferometry is performed on the same junction showing Fraunhofer-like patterns with half-flux quantum periodicity near T π . Third, the same junction is found to exhibit a non-vanishing critical current at the 0-π transition. And fourth, half-integer Shapiro steps are observed around the 0-π transition. All effects are consistent with a positive sin(2φ) term with the critical current density of ≈ 400 − 600A/cm 2 . We find this to be in agreement with theory developed for diffusive junctions [21] .
For the junction barrier we use a Cu 47 Ni 53 alloy (in atomic percentage) which is a weak ferromagnet with a Curie temperature of approximately 60 K and a rigid outof-plane domain structure [22] . SFS junctions were fabricated by depositing a Nb-CuNi-Nb trilayer in a single vacuum cycle using argon sputtering followed by multistep fabrication process described in Ref. [23] . The junction studied in the main text has a barrier thickness of d F = 7.3 nm, and an area of (2 × 2 ± 0.5)µm 2 ( Fig.  1(a) ). Relative to Refs. [20, 24, 25] , the trilayer fabrication process resulted in a lower barrier thickness of the first 0-π transition [23] , which led to the increased second harmonic amplitude.
For the direct CPR measurement, the SFS junction is shorted by a parallel combination of two superconducting Nb loops, the millimeter-scale readout loop with an inductance L readout and a micron-scale loop with an inductance L (see Fig. 1(b) and supplementary materials) . The effective inductance of the device is close to L. The readout inductor is coupled to a commercial dc SQUID sensor which detects flux Φ in the readout loop. The bias current I is applied across the SFS junction, and inductors L and L readout in parallel, it divides between the three branches to satisfy fluxoid quantization. CPR information is extracted from Φ(I). After performing CPR measurements, both L and L readout are cut for the current-voltage measurements on the same junction ( Fig.  1(c) ).
The value of L readout ≈ 1.2nH is chosen in order to optimally couple the sample to a commercial readout SQUID. If L readout were the only inductor in the circuit the device would always be in the strongly hysteretic regime with multi-valued Φ(I) that makes it impossible to extract CPR [26] . This is due to the high critical current density in SFS junctions with thin barriers. The small inductor L is designed to suppress the hysteresis of Φ(I). The single valued Φ(I) dependence is expected for junctions with purely first-order CPR when the parameter β L1 = 2πI c1 L/Φ 0 < 1, where Φ 0 is the superconducting flux quantum, I c1 is the supercurrent amplitude of the first Josephson harmonic. For a Josephson junction with a purely second harmonic CPR, the condition is more stringent: β L2 = 2πI c2 L/Φ 0 < 0.5, so a second harmonic amplitude I c2 can be half as large to drive the loop hysteretic. For a generic twocomponent CPR, the non-hysteretic regime is obtained for β L2 < 16/((I c1 /I c2 ) 2 + 32) for I c1 /I c2 ≤ 8 and 2(a) shows the readout SQUID signal Φ(I) for a range of temperatures that includes the 0-π transition temperature T π ≈ 2.15 K. At T=2.60 K, far above T π , a sequence of equidistant steps is observed. This is typical for a weakly hysteretic superconducting loop: near each step, the magnetic flux in the loop abruptly changes by a value close to Φ 0 , and the phase across the junction changes by a value close to 2π (see supplemental materials for a wider temperature range showing strong hysteresis). The overall slope of Φ(I) corresponds to L = 6.6 pH and is independent of temperature. At T = 2.29 K the pattern acquires a double-step character, with steps half the height, i.e. close to 0.5Φ 0 , occurring at uneven intervals in I. The half-steps become even in a narrow temperature range around T π , as shown for T=2.17 K, resulting in half-periodic modulation of Φ(I). At this temperature the CPR is purely sin(2φ). The characteristics also become less abrupt and more rounded indicating that the loop is approaching the non-hysteretic regime. As the temperature is reduced below T π to 2.04 K and further to 1.87 K, the steps are once again uneven indicating a growing first harmonic. The overall characteristic is shifted by half a period with respect to high temperature curves, this is because the SFS junction has transitioned into the π-state [25] .
The current-phase relation is obtained by subtracting a linear contribution due to current in L. In Fig.  2(b) we present a series of CPR extracted within the temperature range 1.7 K < T < 2.6 K where the condition β L1 < 1 is fulfilled and half-periodicity is observable. The experimental points in Fig. 2(b) reveal the CPR for a partial range of φ due to unexpectedly high second harmonic amplitude with β L2 = 0.7 leading to weakly hysteretic Φ(I) dependences even at T = T π (see supplemental materials for details). Both amplitudes I c1 and I c2 can be extracted by fitting the experimental Φ(I) curves assuming a two component CPR in the form I J (φ) = I c1 sin(φ) + I c2 sin(2φ), where I J is the supercurrent through the junction (Fig. 2(c) ). We see that the first harmonic crosses zero near T = T π , where the CPR becomes π-periodic. The second harmonic is weakly changing over the entire temperature range and has a positive sign. The sign of I c1 is fixed to be positive at higher temperatures for SFS junctions with this barrier thickness based on previous studies (Refs.23 and 24, see also Fig. 5 ).
Half-periodic CPR extracted from a single-junction loop provides evidence of the dominant second harmonic that is immune to alternative explanations. To further confirm this observation and check it against other common measurements, we cut inductors L and L readout with a focused ion beam (Fig. 1(c) ) and perform voltage measurements across the same SFS junction. The same readout SQUID is used, but now in the voltmeter configuration in which L readout and a small standard resistor (20-50 mΩ) are shunting the SFS junction.
We find a new kind of evidence of the second harmonic CPR in Josephson diffraction, by measuring the critical current as a function of flux threading the junction itself (Figure 3(a) ). The diffraction patterns develop a second modulation near T π that is half-periodic in the applied magnetic flux. This striking effect is a confirmation of the presence of a large second Josephson harmonic: indeed in a purely sin(2φ) junction the period of the diffraction pattern should be half the normal period. This is most clearly seen for the applied flux in the range between −Φ 0 and +Φ 0 at T=2.25-2.35 K. To confirm that such diffraction patterns can originate from a two-component CPR, we perform self-consistent simulations of diffraction patterns for a uniform junction, taking as inputs the amplitudes of I c1 and I c2 from Fig. 2(c) and allowing for a small shift in T π presumably due to the different methods of temperature measurement (see supplemental materials). The simulated curves closely reproduce the experiment (Fig. 3(b) ). The flux axis is calibrated at temperatures T=1.27 K and T = 2.8 K away from T π, where the diffraction patterns closely follow the Fraunhofer dependence typical for homogeneous Josephson junctions and the CPR is dominated by the first harmonic. All throughout the temperature range of the 0-π transition the diffraction patterns exhibit a large peak in the center, at zero applied magnetic flux, thereby confirming that the junctions do not contain significant non-uniformities which would result in a zero-field minimum due to the coexistence of 0-and π-regions within the junction [20, [27] [28] [29] . Phase-sensitive measurements (Figs. 2 and 3 ) are in agreement with transport measurements (Fig. 4) . The temperature dependence of the total critical current I c for the same junction is plotted in Fig. 4(a) . The data show a steady decrease of I c as the temperature is lowered down to T = T π . Below T = T π , the critical current increases [3, 30] . At T = T π I c not reach zero, saturating at I c ≈ 30 µA. This value is consistent with I c2 extracted from CPR measurements.
Shapiro step measurements are also commonly used to identify non-sinusoidal CPRs [15, 19] . In this measurement, the junction is excited with an ac signal at frequency f . Shapiro steps appear at voltages V jj equal to integer values nfΦ 0 for the first Josephson harmonic and half-integer values (nfΦ 0 /2) for the second harmonic. Fig. 4(b) shows examples of the junction current-voltage characteristics with ac excitation applied near T π . There are steps at both integer and half-integer multiples of fΦ 0 . Data from additional single junction samples are presented in supplemental materials, confirming the findings. Experimental barrier thickness dependence of critical current density jc(dF ) (black circles) at T = 2.2 K for junctions fabricated using the trilayer process. The data were obtained during experiment described in Ref. [23] . The second harmonic current density from Fig. 2 is shown as a red circle. Black and red lines are fits for jc1 and jc2 based on Ref. [21] . The key fit parameters are the critical current density at zero temperature j0 = 5 × 10 7 A/cm 2 , the critical current decay length ξF 1 = 1.3 nm and the oscillation length ξF 2 = 4.3 nm.
We comment that conclusions about the second harmonic cannot be made based alone on the transport measurements presented in Fig.4 . The non-vanishing I c accompanied by half-integer Shapiro steps were interpreted in the past as evidence of a CPR dominated by sin(2φ) near T=T π [19] . However, an alternative explanation for non-vanishing critical current is due to step-like barrier inhomogeneities [20] . In this case, the junction can break into segments that have already transitioned into the π-state and segments that remain in the 0-state. To satisfy phase continuity, supercurrents circulate in this mixed 0-π regime around the F-layer causing a non-vanishing I c . Half-integer Shapiro steps then appear due to phase-locking of these spontaneous supercurrents to the ac excitation [20, 31] . Therefore phaseinsensitive measurements (Fig. 4) have to be supplemented by phase-sensitive measurements of the type presented in Fig. 2 or Fig. 3 .
The last possibility to discuss is related to fine-scale barrier inhomogeneities. In this case a junction can demonstrate I c (H) patterns similar to Fig.3(b) with maximum critical current at zero magnetic flux, but the sign of second harmonic is predicted to be negative [7, 32] . This origin is not relevant to our samples since our rfsquid based experiments (see Fig. 2 ) have revealed a positive sign of the second harmonic. The positive sign is in agreement with a prediction from a microscopic theory for diffusive SFS-junctions with uniform ferromagnetic barrier [21] In order to understand the large magnitude of the second order term we fitted the thickness dependence of the critical current density for trilayer SFS junctions to the microscopic theory [21] . In Fig. 5 , the experimental data show sharp dips at barrier thicknesses d F = 7.5 nm and 21.5 nm, which are the thicknesses of the first and second 0-π transitions. We first fitted these data assuming a purely first harmonic (black line). This allowed us to obtain the key fitting parameters. These parameters have been substituted into the analytical formula for the second harmonic [21] . The second harmonic is generally orders of magnitude smaller (red line), however it can dominate at the first 0-π transition. The theoretical amplitude of the second order term at d F = 7.5 nm is estimated to be 230 A/cm 2 which is close to the experimental values (see red dot in Fig. 5 ). Note that the theoretical result [21] was obtained near the critical temperature of superconducting electrodes. Therefore it cannot provide the exact quantitative coincidence with the experimental value at T = 2.2 K far from the niobium critical temperature. Previous CPR measurement on a similar SFS junction [25] was performed at much larger d F (22 nm) near the second 0-π transition point and showed a purely first order CPR. The second harmonic term expected from the theory in Ref. [21] for this thickness is about 10 −6 A/cm 2 which is too small to be measured.
In conclusion, we have demonstrated a Josephson junction with a π-periodical current-phase relation. The regime occurs at the 0-π transition of a superconductorferromagnet-superconductor junction. Alternative explanations are ruled out by comparing results from four independent methods, both phase-sensitive and transport ones, that point at a significant sin(2φ) term. While the measured second-order term is surprisingly large for a diffusive SFS junction, it is in agreement with a recent theory. The findings and methodology presented here can be used to evaluate exotic current-phase relations of other important systems, such as ballistic and topological Josephson junctions.
SUPPLEMENTAL MATERIALS
Self-aligned trilayer fabrication process. The fabrication process consists of the following main steps.
1. Deposition of a Nb-CuNi-Nb trilayer on a Si substrate coated with a thin AlO x layer.
2. Optical lithography to form the bottom superconducting electrode and subsequent argon etching of two upper layers of the trilayer (Fig. S1(a) ).
3. Optical lithography to form SFS mesa followed by argon etching. At this step the bottom electrode and the superconducting contact pads are also formed. The photoresist mask is retained at the end of this step (Fig. S1(b) ).
4. Thermal deposition of SiO followed by a lift-off process (Fig. S1(c) ).
5. Thermal deposition of additional SiO isolation and lift-off process using pre-created photoresist mask (not shown in Fig. S1 ).
6. Wiring layer fabrication by means of optical lithography followed by Nb magnetron sputtering and lift-off process (Fig. S1(d) ). The ion cleaning of the substrate is performed before the deposition to ensure good interface transparency to the top niobium layer.
In general our process is identical to that described in Ref. [23] . Two substantial additions have been made. First, the secondary isolation layer is fabricated between the overlapping bottom electrode and wiring parts within the readout loop (see Fig. S2 ). The overlap allows excluding stray magnetic flux (for example, from shunting to readout loop) and thus simplifies the subsequent data analysis. The additional isolation helps us avoid shorts. Second, approximately 7 percent of oxygen is added to argon during argon plasma etching at the third stage. This guarantees that etched niobium is immediately oxidized and can't create any superconducting or metallic shorts at the mesa boundary. All other details coincide with that in Ref. [23] .
Temperature control and measurement. Experiments reported in the work were done in He-4 pumped cryostats. The temperature was varied in the range 1.27 K < T < 4.2 K and controlled by adjusting the He-pressure in the cryostat using a membrane valve. For the CPR experiments the vapor pressure was used for thermometry, while in transport measurements an onchip silicon diode thermometer was used. This difference likely accounts for a 0.1 K shift in the recorded T π between Fig. 2 and Fig. 4 of the main text.
Derivation of non-hysteresis condition for rf-SQUID in the case of two-component CPR.
The current-phase relation can be extracted from experimental data (see Fig. 2 ) if Φ(I) is a single-valued function. This imposes the restriction on the loop inductance and the junction critical current. To derive this, we start with the expression for supercurrent in a singlejunction loop supplemented with phase balance condition for rf-SQUID [26] :
and require the derivative dI s /dΦ to be positive for every value of Φ. As a result, we obtain the following condition which must be satisfied for every value of φ:
where G =I c1 /I c2 . We express the singlevaluedness condition in terms of G and β L2 because experimentally I c2 and hence β L2 have a very weak temperature dependence near the 0-π transition. From the above we get:
In this form, only one term is φ-dependent. We study two regimes with respect to G. First, let G 8. Then the minimal value of cos φ + G 8 2 is zero. The singlevaluedness condition reduces to:
Or:
Second, for G > 8 we have for every φ:
Therefore the singlevaluedness condition becomes:
The dependence of the critical value of β L2 on G is plotted at Fig. S3 . One can see that the maximum value of β crit L2 is 0.5 which is achieved for G = 0. In our experiment β L2 at T = T π was estimated to be 0.7 and therefore the experimental Φ(I) curve is never single-valued. One should note that the single-valuedness condition for rf-SQUID with a two-component CPR junction is stricter than for a single-component CPR junction. As G grows due to increasing first harmonic component, the condition on β L2 further tightens. We also note that in experiment in Fig. 2 of the main text, the hysteresis of CPR curves, caused by the second harmonic component, is largely suppressed near T π . This is due to thermal fluctuations and/or flux noise that induce jumps between metastable states. 
